Introduction
The tervalent oxidation state of silver forms only a limited number of complexes. The simplest form of Ag(III) is Ag(OH) 4 - [1, 2] , which is prepared by electrolysis in alkaline media. Of the complexes which have been formed directly from Ag(OH) 4 -, only those with periodate and tellurate ligands are more stable than the parent ion [2a, b] . Other spectrally identifiable complexes include those with nitrogen donors, including azide [3] , tri-and tetraglycine [4a] .
Dimethylglyoximate (dmg) and related ligands form pseudomacrocyclic adducts [4b]. Divalent and tervalent silver N 4 -macrocycles with significant stability have been prepared by Ag(I) oxidation [5] as have Ag(III) derivatives of diguanide [6, 7] . A silver(III) transient with a tridentate dicarboxamite ligand has been identified by electrospray mass spectrometry [8] . Ag(OH) 4 -is square-planar with a low spin d 8 electron configuration. It is a strong oxidizing agent [3] [4] [5] 9 , 10], † Present address: Mylan Pharmaceuticals Inc., Morgantown, WV 26505, USA *Corresponding author. Email: LKirsch@chm.uri.edu A c c e p t e d M a n u s c r i p t and reactions tend to be initiated by axial attack followed by replacement of a bound hydroxyl and/or redox. In the present study, we have considered the redox reaction between Ag(OH) 4 -and nicotinamide, and find a spectrally distinct intermediate complex that can only be characterized as containing Ag(III) with an expanded coordination sphere. The well-characterized nicotinamide complexes include those with cobalt(III) [11] , palladium(II) [12] , nickel(II) [13] and other transition metals [14] . Nicotinamide (or niacinamide), scheme 1, has three potential donor atoms and in principle any of these atoms may coordinate. However, nicotinamide is normally monodentate, coordinating through the pyridine ring nitrogen [12, 13, 15] figure 1 . Because of the high absorbance of nicotinamide below 300 nm, Ag(OH) 4 -could not be monitored around its maximum absorbance (267 nm).
Kinetic data were fitted by a two-exponential equation ("rise-fall") using the Kinfit routine (OLIS). The pre-exponential for the first phase was taken to be the absorbance of an equilibrium mixture of Ag(OH) 4 -and the nicotinamide complex. The ratios of the observed first-order rate constants for the formation (k f ) and decomposition (k d ) steps were generally within a factor of five.
Spectra
Rapid UV-visible spectra were recorded on a Beckman DU 7500 diode array spectrophotometer at ~5 C. Figure 2 illustrates the spectral changes over the course of the reaction. EPR spectra of rapidly frozen reaction mixtures were taken on a Bruker ER 220D-LR ESR spectrometer with an ER 4111 VT variable-temperature system at 123 K.
Product analysis
The oxidation product was analyzed by thin layer chromatography (TLC). "Concentrated" Nagel+C., Germany). Ascending TLC was performed in a glass developing chamber saturated with absolute ethanol [19] . The solvent front was run to a height of 15 cm, and the spots were detected by a multiband UV lamp (UVSL-58) at the long wavelength (366 nm).
A c c e p t e d M a n u s c r i p t suggests an equilibrium of the type:
If we assume only one complex, the sum of the concentrations of the two silver-containing species [nica] can be defined as in equation 2:
Combining equation 2 with the equilibrium expression 3, leads to equation 4:
A c c e p t e d M a n u s c r i p t . The rate law suggests parallel reaction paths.
Decomposition products and stoichiometry
The golden-yellow Ag(III)-nicotinamide complex decomposes in a few seconds, resulting in a clear colorless solution. AgCl precipitation experiments show that the reduction of silver is a two- was not found. The presence of nicotinamide N-oxide was also confirmed by its UV absorbance maximum at 308 nm where it has an extinction coefficient ε = 10 2.7 [21] .
Since high concentrations of nicotinamide are necessary to get both complexation and rapid decomposition, stoichiometric measurements on the redox reaction are impractical. However, the product analysis accounts for the overall reaction (equation 6):
Decomposition kinetics
The decomposition of the complex is first-order in [Ag(III)] with pseudo-first-order rate constants, 
Reactions of Ag(OH) 4 -with acetamide and nicotinate ion
Nicotinate ion (nic 
EPR Experiments and ionic strength dependence
EPR experiments were carried out on quickly frozen reaction mixtures. The spectra were devoid of any signal, eliminating the possibility that the intermediate complex might contain monomeric divalent silver [22, 23] . Detection of an EPR-active pseudo octahedral complex would also be unlikely in light of large ligand field splitting and/or zero field effects. Five coordinate complexes based on C 2v or D 4h geometry would also be expected to be EPR silent. increase its equilibrium constant [25] . Such an increase of equilibrium constant will decrease the amount of Ag(OH) 4 -present and thus decrease the decomposition rate.
Discussion
Although intermediates with expanded coordination spheres have been postulated in several Ag(OH 4 ) -reactions [17, 26] , this is the first example for which there is significant concentration Nicotinamide is known to hydrolyze to nicotinic acid and ammonia in both acidic and alkaline media [18, 30, 31] . Since strongly alkaline solutions were used in this study, the hydrolysis of nicotinamide has been of concern. By using neutral solutions of nicotinamide, the pre-mixing hydrolysis can be avoided. The reaction of nicotinamide and Ag(OH) 4 -is fast enough that it takes only tens of seconds to completion (decomposition of the complex). On this time scale, the hydrolysis is negligible. In fact, the product analysis, which usually took place within a few minutes after mixing, did not reveal any nicotinic acid or ammonia.
Because of the instability of the Ag(III) complex, it was not possible to determine the binding site spectroscopically. Product analysis shows that oxidation occurs at the pyridine ring, while comparison with nicotinate ion and acetamide indicates that the bonding occurs at the amido nitrogen rather than the pyridine nitrogen. The oxidation products are different from reactions of acetamide, formamide and other amides [32] which yield ammonia or amines and corresponding acids [31] , but similar to the oxidations of pyridine [33] by polyacids [34] , and of nicotinamide by hydrogen peroxide [35] and rat liver microsomes [36] which give the N-oxides. Unfortunately, the oxidation mechanisms in these cases are unknown. In light of the fact that the complex appears to involve binding at the amido group while redox occurs at the pyridine ring, we conclude that there are two modes of interaction between Ag(OH) 4 -and nicotinamide. When nicotinamide combines with Ag(OH) 4 -via its amido group, a complex is formed (equation 9); but the complex is a "dead end" in regard to the redox process. The redox reaction (equation 10) involves oxidation at the pyridine ring and does not require participation of OH -in a kinetically significant step. In the A c c e p t e d M a n u s c r i p t
